Thin-film micro-coils are integrated with commercially available ablation catheters, for MR-thermometry during laser interstitial thermal therapies (LITTs). The coils are formed on a flexible polyimide substrate and consist of a two-turn electroplated copper inductor and integrated parallel plate capacitors for tuning and matching. Their performance was assessed during Nd:YAG laser ablations in a static phantom study carried out in a 3 T clinical scanner. Further moving phantom studies were performed to calculate errors due to motion. The temperature accuracy is improved by 1.5-10 times in a radius matching the dimensions of the lesions typically treated. Resolution of 1 mm can be maintained during motion by using short acquisition time sequences while the SNR remains sufficient for accurate MR-thermometry. The temperature error on a moving un-heated phantom under respiratory gating does not exceed 1
Introduction
Micro-coils have received considerable attention from the magnetic resonance imaging (MRI) and spectroscopy communities, for biosensing, tracking of interventional devices, intravascular and internal organ imaging and MR-guided thermal therapies [1] [2] [3] [4] [5] [6] [7] [8] . The increase in the signal-to-noise ratio (SNR) resulting from close coupling to the signal source, compared to volume and surface coils [9, 10] , makes micro-coils useful for fast, high resolution imaging, when a small field-of-view (FOV) can be tolerated.
Lack of repeatability and the effort required for matching and tuning using discrete components have limited clinical use. In recent years, micro and nano-fabrication techniques and the use of flexible substrates have opened up new design avenues [4, 5, [11] [12] [13] [14] [15] [16] , allowing the batch fabrication of disposable coils with repeatable coil parameters. Additionally, intense research effort has been invested in the safety of micro-coil-based catheters and many designs for improved patient safety have been reported [17] . We have recently presented thin-film detectors with mechanically tunable integrated capacitors [18] , with potential application in the early diagnosis and staging of biliary carcinoma [19] .
Here we explore a different application for thin-film micro-coils: improvement in the control of MR-guided laser interstitial thermal fabrication procedure and describe a method for identifying component values for matching and tuning at 127.6 MHz. Electrical performance is assessed using a network analyser (E5061A, Agilent Technologies).
Design and principle of operation
The micro-coil receiver is shown in Fig. 1a . It consists of a copperclad Kapton thin film, patterned to form a two-turn spiral inductor with a pair of integrated capacitors C T and C M for tuning and matching. The inductor is connected to the two capacitors, each of which uses the substrate as an interlayer dielectric. The front side pattern consists of a spiral linked to two plates, while the rear side pattern consists of a pair of plates linked directly together. This layout places C M outside the coil, allowing direct connection to a coaxial cable.
The layout can be fabricated from patterned conductors since no air-bridge is needed to exit the spiral. Double-sided processing is required but front-to-back alignment is not critical since capacitor plates need only overlap. Coils were designed with the following parameters: conductor width 150 m, conductor separation 100 m, coil length 60 mm, and coil width 4.5 mm. The last value was chosen to place the long conductors approximately on the diameter of the ablation catheter. Fig. 1b illustrates the electrical equivalent. A shunt matching circuit has been preferred to avoid vias. For maximum power transfer, the signal induced by the external nuclear dipoles should be matched to a real load R L at angular frequency ω S using the capacitors C M and C T . The complex impedance of the parallel combination of R L and C M is (1/jω·C M ) {1/(1 + 1/jω·C M R L )}. If ω·C M R L » 1, this result may be approximated as R L = 1/j·C M + 1/(ω 2 ·C M 2 R L ). Matching requires a C M such that R L = R C at the signal frequency:
Tuning involves choosing C T so that the circuit is resonant at ω S , which requires that the effective capacitance C eff satisfies Eq. (2) with C T positive, which in turn requires ω s L C > (R C R L ). C M and C T can be found by iteration after R C , L C have been determined. Both R C and L C can vary considerably without a well-controlled fabrication process. 
Fabrication
Prototype devices were developed for 3.0 T 1 H MRI. Batch fabrication was carried out by the UK company Clarydon (Willenhall, West Midlands). The starting material is a 25 m thick polyimide (Kapton ® , HN, DuPont High Performance Films) carrying a 35 m thick layer of Cu on either side. Patterning was carried out using double-sided exposure to a pair of photomasks formed from Mylarcoated silver halide on a 175 m thick polyester backing. Masks were fabricated from a Gerber file.
The fabrication process is illustrated in Fig. 2a . Each side of the printed circuit board (PCB) (1) is coated with a 175 m thick layer of laminated photoresist (2). The sensitised PCB is then sandwiched between the two photomasks on a glass backing using a set of pins passing through mating holes in each component for alignment. Textured Mylar spacers are used to assist evacuation. Each side of the PCB is exposed with an UV lamp (3). Resist development and metal etching are carried out with the PCB horizontal, using a leader board to allow dragging through a spray developer and etcher. The resist is then stripped (4) . A fabricated device is shown in Fig. 2b . L C and R C were determined in an iterative process to choose the correct areas for C M and C T prior to the design of the photomasks. A set of inductors was first fabricated without capacitors (Batch 1), but with bond-pads to allow addition of a wire-bond air-bridge and surface-mount capacitors, which were adjusted to match to 50 and tune to 127.6 MHz. A second set of devices was then fabricated with integrated capacitors (Batch 2), using areas for C M and C T estimated from Batch 1. The capacitors were then trimmed to match and tune with a fixed tissue loading.
Matching and tuning for use in a 3T scanner
Final matching and tuning was carried out with the coil flat and a sub-miniature co-axial cable connected across C M . Matching was ensured by minimising S 11 at 127.6 MHz. Ignoring intrinsic capacitance, the coil resistance R C was estimated as 3.2 , implying a value of C M = 100 pF and hence a matching capacitor length of 1.33 cm, given a matching capacitor width of 5 mm and a Kapton thickness of 25 m. The matching capacitor was then trimmed using a scalpel. The value of C T and the required tuning capacitor length were then estimated from Eq. (2) and C T was trimmed to match the calculated values.
An unloaded Q factor of 60 was measured implying good performance from the integrated capacitors and a value of S 11 = −35 dB suggesting good matching. Tissue loading was investigated by inserting a detector loosely attached to an ablation catheter by a heat-shrink sleeve into an agar gel phantom with a salt content chosen to mimic the conductivity of liver (see Section 3.2). Loading caused a reduction in the resonant frequency of > 12 MHz, mainly due to an increase in self-capacitance caused by the change in dielectric surround, and a reduction in Q-factor due to the tissue conductivity. A loaded Q factor of 30 was measured, again indicating good matching.
Integration with the ablation catheter
A micro-coil was tuned and matched for 3T following the proceedure described in Section 2.3. The detector was deliberately tuned to a higher resonant frequency, in order to operate correctly after tissue loading. A sub-miniature coaxial cable with a non-magnetic pin diode (MA4P7464F-1072, MACOM) connected in shunt at 60 mm from C M enabled active detuning as shown in Fig. 1b . The length of the coaxial cable was estimated from a Matlab TM model which determined the optimal length for maximum coupling of the two resonant circuits formed by the micro-coil inductor, with the coaxial cable acting as an inductor of inductance Z 0 tan (ˇl), with ˇ = 2 f/v (v = 2.25·10 8 m/s), when the pin diode is ON, during RF excitation.
The completed micro-coil was combined with a Somatex (Power-Laser Applicator Set, SOMATEX, Teltow, Germany) watercooled laser applicator, as shown in Fig. 3a . An inner PTFE tube (OD 3.9 mm, ID 3.4 mm) was slid over the applicator and the micro-coil was wrapped around it. An outer heat shrink sleeve (ID 4.1 mm, OD 4.8 mm) provided sealing and secured the coil in position.
The electrical characteristics of the assembled probe are shown in Fig. 3b and confirm adequate decoupling and patient safety since heating due to imperfect decoupling would not be a concern. Furthermore, heating due to excitation of standing waves in the conductors by the E-field of the transmitter can be assumed to be minimal, since the coaxial length is much smaller than the length required for resonance of an immersed line [24] . The control signal for decoupling during RF excitation was generally provided by the scanner. However, during experiments with an additional array coil, the micro-coil was decoupled using a DC signal derived from a 10 V battery with an 80 limiting series resistor.
Magnetic resonance imaging experiments
In this Section we discuss the methods used to evaluate the performance of the micro-coils for MRI and proton resonance frequency (PRF) MR-thermometry. The measurements are summarised in Table 1 and Table 2 provides the MR-parameters used for each measurement.
Imaging set-up and laser system
MR imaging was carried out in a 3T GE Signa Excite scanner (GE Healthcare, Milwaukee, WI, USA). The image quality, SNR and PRF MR-thermometry accuracy were compared with the corresponding performance of an 8-channel array coil (GE MRI 3T Split III Total SENSE Cardiac Coil) used for MR-thermometry at St. Mary's Hospital. A Nd:YAG laser (MY 30, Marting Medizin-Technik, Tuttlingen, Germany) with a wavelength of 1064 nm and 25 W output power was used during ablations. The internal circulation cooling system of the applicator was maintained by a continuous flow of 0.9% NaCl at a rate of 60 ml/min. The laser light was delivered through a 12 m length of fibre with a 400 m diameter core and a 20 mm diffuser active tip (Surgical Laser Technology).
Phantom preparation and characterisation
Agar gel phantoms with time constants of T 1 of 800 ms and T 2 of 50 ms, mimicking those of liver tissue [25] , were used in this study. For the ablation, a gel doped with 8% India ink was used. Its absorption coefficient was determined by transmission spectroscopy as 0.12 mm −1 at 1064 nm wavelength. In all experiments, body loading was provided either by casting the ablation phantom in the gel or by means of standard cuboid phantoms. For a quantity of 700 ml gel, 31.5 g agar was mixed with 58 ml n-propanol and 642 ml of a salt solution containing 3.37 g/L NiCl 2 ·6H 2 O and 2.4 g/L NaCl.
Experimental arrangements

Static phantom
The arrangement for the static comparison of SNR and temperature accuracy provided by the two coils is shown in Fig. 4a . The details of the axial thermometry slices are illustrated on the schematic of Fig. 4b . Ink-doped agar gel was moulded in a cylindrical structure constructed from Plexiglass slices (9.5 mm thick) and supported in a further container filled with 1.4 l of tissuemimicking agar gel (0% ink) to emulate body loading. The probe was cast horizontally.
Two fibre optic sensors based on fluorescent lifetime 1 (Type 790, Luxtron, Santa Clara, CA, USA), with accuracy ± 0.1 • C, provided references against the MR-inferred temperatures at d = 5 mm (L 1 ) and d = 10 mm (L 2 ) to the probe in each monitored slice. For the comparison, the set-up of Fig. 4a was positioned between the anterior and posterior cardiac array coil elements at a distance of 70 mm to the probe axis from either side.
Moving phantom
The periodic motion of liver due to breathing was simulated using a hydraulically driven suspended table. The motion simulator consists of a movable stage, supported on multiple balanced flexures, machined from a piece of Delrin (Polyoxymethylene). The motion is controlled by a hydraulic engine powered by a unipolar stepper motor driver and equipped with flip-flop logic to enable periodic motor reversal between limits set by a pair of microswitches. A pair of hydraulic rams linked with the engine, drive the suspended table by means of 10 m of water-filled flexible line, running between the control and the magnet rooms. The set-up is shown in Fig. 4c . For gating, the operation of a respiratory bellows was replicated by sensing the pressure changes of air inside a PTFE pipe, connected to the MR scanner at one end and to a further syringe, driven by the movement of the table, at the other. The movement is in the superior-inferior direction and the travel distance was adjusted to ±14 mm. A full cycle repeated every 4.4 s, corresponding to 14 breaths per minute. The ablation phantom was attached to the moving table and two 10 kg cuboid phantoms (15 cm × 15 cm × 38 cm), supported above the table at either side, provided body loading as shown in Fig. 4d . Three phantoms with features of 1 mm, 2 mm and 3 mm, immersed at 5 mm above the probe, were used to assess the impact of motion artefacts on resolution.
Data processing 3.4.1. SNR
Spin echo and gradient echo sequences were used for the assessment of the image quality and the static SNR comparison (Table 1 , measurements 1, 2 and 4). The sequence parameters are detailed in Table 2 . The sensitivity was evaluated by constructing pixel-bypixel SNR maps of corresponding slices and the radial SNR profiles were evaluated along a horizontal line passing through the phantom diameter.
The pixel SNR was defined according to Eq. (3), where the signal (S) refers to the signal intensity of each pixel and the noise to the standard deviation (SD) in an N × M region-of-interest (ROI) in the background of the same image slice, in a region with no signal sources. The scaling factor of 0.66 was used to account for the Rayleigh noise distribution [26] . For the calculation of the SNR in a chosen ROI, the signal (S) in Eq. (3) was defined as the mean signal in the ROI.
The comparison was repeated under simulated periodic motion, with a more realistic loading emulated by the cuboid phantoms shown in Fig. 4d (Table 1, measurement 3) . Large FOV axial and sagittal slices were acquired with a 2D gradient echo sequence with acquisition time of 0.49 s. The rest of the details of the sequence are provided in Table 2 . The phase encoding direction was deliberately chosen not to lie in the direction of motion.
Ten temporal frames were acquired both with and without respiratory gating (Table 1 , measurement 3). The mean SNR over all frames was calculated in a chosen ROI in the images of the stationary phantom and the results were compared with the corresponding SNR values from slices of the moving phantom. For completeness, both the SNR definition of Eq. (3), and the dual acquisition SNR definition described in Eq. (4) were used. In the latter case, the noise is defined as the SD in an N × M ROI in the phantom region of the difference image of two consecutively acquired frames of a given slice.
Reference-based PRF MR-thermometry
The PRF MR-thermometry performance of the micro-coil (Table 1, measurement 5) was assessed by simultaneously monitoring the spatiotemporal thermal profile of two axial slices of the static phantom (see Fig. 4b ) using a 2D gradient-echo thermometry sequence with the parameter details indicated in Table 2 . The results were compared with those obtained in a subsequent ablation of the same phantom using the array coil this time.
Data analysis was performed offline in Matlab TM by postprocessing the phase images from the two slices that were acquired during ablations. The position of the fluoro-optic probes was registered on high-resolution images of the thermometry slices and the average pixel values, within a 2 × 2 ROI under each Luxtron sensor, were used to estimate the phase differences ( ϕ) from corresponding baseline images acquired before turning the laser on in each case. The phase differences were then converted into temperature differences according to Eq. (5) [21] .
Here T ref is the temperature recorded with the Luxtron sensors at the beginning of the experiment (baseline), a is the PRF shift coefficient (ppm/ • C), ␥/360 • is the gyromagnetic ratio (45. 2 MHz/T), B 0 is the static magnetic field (3T), TE is the echo time (3.872 ms). The thermal coefficient a was determined from the linear fit of the phase differences (in the ROI corresponding to L 1 ), plotted against the temperature differences recorded with L 1 . Two non-heated ROIs (10 × 30 pixels) were used to correct for non-temperature related phase changes.
The temperature error of the PRF MR-thermometry for either coil was assessed by plotting the deviations of the MR-inferred temperatures from the temperatures recorded with the Luxtron sensors in each slice. The noise in the temperature measurement was estimated by means of the temperature standard deviation (TSD) expressed in Eq. (6) [27, 28] and using an SNR defined according to Eq. (3).
Temporal phase stability
Without motion correction, the reference-based PRF MRthermometry method would generate temperature errors due to inter-scan motion artefacts in mobile organs such as liver [21] . One source of error is the misalignment of the nth image during ablation from the baseline used for the subtraction, while another is the change in local susceptibility, due to changes in the shape of the liver.
The impact of motion on the micro-coil reference-based PRF MR-thermometry was assessed using the set-up of Fig. 4d (Table 1,  measurement 6 ). Ablation was deliberately not carried out, so that the temperature of the phantom remained unchanged. This allowed the estimation of the errors caused due to non-temperature related phase changes. Ten temporal frames of axial and sagittal slices were acquired under respiratory gating, using a similar MR-thermometry gradient echo sequence to that used during the ablations of the static phantom (Table 1, measurement 5). The sequence parameters are summarised in Table 2 .
Prior to this, the degree of misalignment between the baseline image (i.e. the 1st frame) and each of the other acquired images was determined on magnitude images by calculating the pixel-by-pixel cross-correlation described by Eq. (7), where the baseline image is annotated by X while Y n is the nth image frame and k the voxel index. Y mean , X mean represent the signal average of each image. For P XY > 0.95, misalignment was excluded as a cause for the calculated phase difference on a given voxel [26] .
The impact of residual motion artefacts on the temporal phase stability was then determined by evaluating the mean phase difference and deviation from the baseline temperature of 20 • C, over the 10 acquired frames, for each of the pixels in a line along the direction of motion, in a sagittal slice of the phantom. The results were compared with the static case, to assess the contribution of motion to temperature error. The pixel-by-pixel temperature standard deviation (TSD) maps were also evaluated based on Eq. (6), using an SNR defined according to Eq. (3). The tests were repeated using the array coil for comparison. Fig. 5a and b shows large FOV sagittal images obtained with the micro-coil and the array coil, respectively. A corresponding schematic is shown in Fig. 5c . The micro-coil image is free from artefacts and the fluoro-optic sensors can be clearly seen. The nonuniform sensitivity and small FOV of the micro-coil are confirmed. The image contrast is lost in the left hand side (LHS). Although it is possible that an air-material boundary exists, the images obtained do not suggest any strong susceptibility artefacts due to that.
Results and discussion
Image quality and SNR performance
Referring to the array coil image, there are no susceptibility artefacts due to the micro-coil and good decoupling is confirmed. The ink-doped gel has lower signal intensity compared to the surrounding gel together with some bubbles. The bubbles were transferred from the top of the beaker containing the prepared gel to the bottom of the phantom which was mounted vertically during transfer and casting. This explains the difference in the uniformity of the gel observed in Fig. 5b .
SNR maps for corresponding micro-coil and array coil small FOV axial slices featuring sensor L 1 are shown in Fig. 5d and e respectively. Referring to Fig. 5e , despite the expected uniform SNR in the array coil image, non-uniformity appears. This has been observed in many previous experiments we have conducted using the specific coil (best locally available). We have established that the uniformity of the array coil is in fact a function of the load and the separation between its anterior and posterior coil elements. In this experiment here, the separation was 140 mm, which may be below the average patient size for which the array is set up.
Symmetrical patterns of voids near the micro-coil conductors affect both images. Their origin is imperfect decoupling. They occur with all coils and all decoupling schemes, but are generally not noticed because of their short range. However, they will always be obvious when a local coil is completely immersed in a signal source. Such artefacts could be reduced by using adiabatic pulses and excitation as well as reception from the micro-coil. The latter could also improve coil-dependant, non-uniform phase variations, since the transmit and receive phase variations would then be expected to cancel [29] . Adiabatic pulses have not been investigated here and although they might have advantages they cannot improve the relative increase in SNR.
The radial SNR profiles are shown in Fig. 5f . In the case of the micro-coil, a 1/r 2 curve has been fitted with good correlation (R 2 = 0.99). At 7.5 mm from the probe centre the SNR is equal to 647, while the respective value for the array coil is 86, implying a 7.5-fold improvement. At a 20 mm radius, the SNR values of the two coils become equal. The SD in the indicated ROI is equal to 8.6 in the micro-coil axial slice (Fig. 5d) while the corresponding value on the array coil slice (Fig. 5e ) is equal to 10. Various sizes of ROI, at the same and different locations have been considered with negligible difference to the calculated SNR.
Three sagittal slices, of the moving phantom, are shown in Fig. 6a for both coils and two axial slices obtained with respiratory gating are shown in Fig. 6b . The 1 mm feature can be clearly seen in all micro-coil sagittal images. In contrast, this feature is blurred in the array coil images. The respiratory gating operated well since the slices from both coils appear stationary. This was also independently confirmed by calculating the pixel-by-pixel crosscorrelation. For the array coil, the 1 mm feature can be seen more clearly in the axial slices.
The SNR was not affected from the motion (with and without respiratory gating) for none of the coils. At 5 mm to the probe on the micro-coil axial slices it is equal to 137 with the definition of the Eq. (3). The mean SNR value, over all ten frames of a sagittal slice (in a 30 mm × 10 mm ROI centred at the probe below the resolution phantoms) is equal to 100. The corresponding array coil SNR value is less, by a factor of 8. The respective mean SNR values using Eq. (4) are 1.5 times higher for both coils. The SD for these measurements is 18 and 22 for the micro-coil and the array coil image slices respectively. Fig. 7a shows the radial SNR on the axial baseline images corresponding to L 1 . The SNR of the array coil is almost constant and equal to 23. At 5 mm radius, the SNR of the micro-coil is 10 times higher and remains 1.5 times higher up to a 15 mm distance. The TSD using the SNR definition of Eq. (3) is less than 0.75 • C up to 20 mm and less than 4.5 • C up to 30 mm, as shown in Fig. 7b . In the micro-coil image slice used for these calculations, the SD is equal to 10 and the corresponding value for the array coil is equal to 14.
Reference-based PRF MR-thermometry accuracy without motion
Worth noting is that in the SNR comparisons with either the spin-echo sequence (Table 1, measurement 2) or the gradientecho sequence (Table 1, measurement 4) , there is no significant difference between the noise values (SD) calculated in corresponding images acquired with either coil. This suggests that the signal enhancement offered by the micro-coil has more weight in the SNR improvement. (5) and using this value. During the preparation of the set up for the array coil ablation, the applicator was accidentally displaced axially to the left by approximately 10 mm, leading to a similar shift of the heating zone and hence to the recording of lower temperatures by sensor L 1 and of higher temperatures by sensor L 2 compared to the microcoil ablation, as seen in Fig. 7c and d . This was unfortunately not noticed until after processing the data.
There is also a small difference in the starting temperatures of the two ablations. The array coil ablation was necessarily initiated after the micro-coil ablation but before the gel had time to cool down to the exact same starting temperature due to restricted continuous scanner time. These minor experimental deficiencies do not however alter the basic findings of the experiment, namely the high gain in the SNR and the respective improvement in the PRF MR-thermometry.
Referring to Fig. 7c and d, the temperature measurement in the micro-coil case is significantly less noisy locally. This is also confirmed by the plot of the radial TSD shown in Fig. 7b , which is a measure of the noise in the temperature measurement. For the micro-coil, there is a good correlation with the fluoro-optic readings. Despite correcting for phase changes unrelated to temperature, slight deviation from the fluoro-optic temperatures can be observed in Fig. 7c . This could be attributed to changes in susceptibility or electrical conductivity of the gel with temperature [21, 29] .
For example, thermal expansion, or changes in the susceptibility of air bubbles in the ablation phantom might have affected the measurements [30] . An alternative approach might be to exploit the temperature insensitivity of the lipid protons and use fat reference phantoms in the un-heated region as a correction [31] . However, this technique might be challenging to implement in the liver. The deviations occur at different times for L 1 and L 2 because the temperatures are derived from two different slices and it is likely that non-temperature related phase changes occurred at different times in each slice.
For the array coil, due to the noisy data, it is difficult to notice the deviation from the Luxtron readings based on Fig. 7d . Those become obvious in Fig. 7e and f where the deviation of the MR-inferred temperatures in each case from the Luxtron readings have been plotted over the duration of each ablation. The maximum deviation from the Luxtron readings (or temperature error) is equal to 6 • C for the micro-coil while the corresponding value for the array coil is 20 • C. It is therefore clear that the high local sensitivity of the micro-coil can be exploited to detect non-temperature related phase changes and correct for them. This is not easy in the case of the array coil since the data is so noisy.
No effect on the readings of Fig. 7c and d was noticed due to the operation of the Nd:YAG laser [27] . We have also not noticed any flow-related artefacts due to the circulation of the cooling water in the applicator. Finally the melting point of the gel is 100 • C which was not reached during ablations even in the vicinity of the applicator as verified by the temperature maps shown in Fig. 8 for each slice and each ablation at the time the laser was turned off. Based on that, it is unlikely that convection has introduced temperature errors.
Temporal phase stability during motion
The 1st frame of the micro-coil axial phase image is illustrated in Fig. 9a , showing the 1 mm feature. A corresponding array coil image of significantly poorer quality is shown in Fig. 9b. Fig. 9c illustrates the micro-coil TSD maps corresponding to the 1st and last frame in the 15 mm × 15 mm ROI shown in red in Fig. 9a . The respective array coil TSD maps, covering the whole cross-section of the cylindrical phantom, are shown in Fig. 9d .
The TSD maps have been calculated using the SNR definition of Eq. (3). Little variation was observed across the 10 frames, especially for the micro-coil. Fig. 9e is a micro-coil sagittal phase image. It shows the three resolution phantoms and indicates the line of pixels (at 5 mm radius to the probe axis, with length equal to 15 mm) for which the mean phase differences and temperature errors, were evaluated across ten acquired temporal frames. Fig. 9f shows the mean micro-coil phase difference for each of the pixels in the line. The error bars correspond to the standard deviation across the ten acquired frames. The mean MR-inferred temperature deviations, over all frames, from the nominal temperature of 20 • C are shown in Fig. 9f in the form of error bars.
Despite the good operation of the respiratory gating, residual motion artefacts lead to susceptibility changes that affect the calculated phase difference from the baseline and hence lead to temperature errors. The maximum temperature error does not however exceed 2 • C for any of the pixels in the line while for the stationary phantom the temperature error is as low as the calculated TSD. Finally, the mean TSD values across all frames are equal to 0.27 • C (in the ROI shown in Fig. 9c ) and 3 • C (in the ROI shown in Fig. 9d ) for each coil respectively, implying a 10-fold reduction in the noise of the temperature measurement.
Finally, in a ROI of 15 mm × 15 mm, the maximum temperature error is equal to 1 • C for the micro-coil while the respective value for the array coil is four times higher. Finally, the maximum micro-coil phase error across all frames and pixels in the line along the direction of motion is equal to 0.5 • on the static phantom with a 2 • standard deviation. The respective maximum phase error value in the moving phantom is six times higher.
Conclusion
We have designed and fabricated thin-film micro-coil resonators and demonstrated their integration with laser ablation catheters without modification to their clinical functionality. The system is designed for local MR-thermometry during Nd:YAG laser ablations performed in clinical 3T scanners. The micro-coils can be batch fabricated on flexible Kapton substrates, yielding disposable coils with well-defined, stable parameters, and the integrated capacitors lead to a compact solution while providing a simple approach to tuning and matching.
The improvement in the local PRF MR-thermometry has been demonstrated in a static gel phantom with liver-mimicking optical and MR-properties. The image quality, resolution and SNR were significantly better than corresponding results obtained from the best locally available array coil, while the temperature deviation from the Luxtron readings was also significantly less. This performance compares well with other studies using internal coils [8, 22, 23] . Although beyond the scope of this paper, further improvement could result from optimisation of the thermometry sequence [27] and the use of better correction methods for non-temperature related phase changes.
For an external surface coil to achieve similar performance, the scan time would have to increase prohibitively. The improved SNR was confirmed under two different body loading conditions, one of which mimicked the in vivo case, resulting in poor array coil image quality compared to the less realistic scenario.
Since motion of organs such as liver due to breathing can be a critical source of temperature errors in the reference-based PRF method [21] we assessed the robustness of the micro-coil under respiratory gating in a constant-temperature phantom. Good operation of respiratory gating was confirmed, for both coils. Despite the absence of image misalignment errors, residual local susceptibility variations led to temperature errors for both coils but significantly higher for the array coil case.
Remaining concerns prior to consideration for clinical use regard the coil orientation and the opto-thermal characterisation of the modified ablation catheter. In vivo studies employing animal models will be required to simulate a more realistic scenario, where effects such as non-periodic motion of the liver and load-dependent variations in the resonant frequency and Q-factor are taken into account. Variations of the resonant frequency and the Q-factor of the coil due to heterogeneity in the load conductivity would be problematic since the imaging performance might deviate from the optimal. It would therefore be important to fully characterise such variations using human tumour models.
The deterioration in SNR due to a probe orientation other than the optimal horizontal used here should also be examined, although the insertion angle of >80 • required to cancel the expected 10-fold improvement in the SNR is highly unlikely in a clinical scenario. We have verified that patient safety or uneven heating of the lesion due to the presence of the Kapton film around the catheter are not a concern. More specifically, we have established that the absorption of the Kapton substrate at 1064 nm is less than 20%. However, further work in progress aims at the complete characterisation of the opto-thermal behaviour of the catheter.
Despite the need for further studies, the preliminary results presented here suggest the potential of micro-coils for improved PRF MR-thermometry. Besides this, they may assist the clinician in ensuring the correct ablation site, and in principle, allow MRthermometry to be carried out without the use of the cumbersome and restrictive external array coil, greatly improving access to the patient.
